Rotaviruses are the leading etiological agents of acute gastroenteritis in infants and young children worldwide. These nonenveloped viruses enter cells using different types of endocytosis and, depending on the virus strain, travel to different endosomal compartments before exiting to the cytosolic space. In this Gem, we review the viral and cellular factors involved in the different stages of a productive virus cell entry and share with the readers the journey that we have taken into the cell to learn about virus entry. R otaviruses (RVs) are nonenveloped viruses, members of the family Reoviridae, and the leading etiological agents of viral gastroenteritis. In vivo, these viruses infect primarily mature enterocytes in the intestinal epithelium. They are composed of a triple-layered protein capsid that surrounds the viral genome. The outermost layer is formed by VP7, which makes the smooth surface of the virus, and by the spike protein VP4, which functions as the virus attachment protein. VP4 is cleaved by trypsin into two subunits, VP8 and VP5, and this cleavage is required for the virus to enter the cell (1).
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The initial step in a viral infection is the attachment of the virus to specific receptors on the cell surface, an interaction that frequently triggers cellular signaling cascades that facilitate either virus entry or replication. In most instances, regardless of whether the virus is enveloped or not, virus internalization proceeds through an endocytic pathway that delivers the viral particle to early endosomes (EEs), characterized by the presence of the GTPase Rab5 and early endosomal antigen 1 (EEA1) (2) . Some viruses then traffic from these EE compartments to late endosomes (LEs), which are enriched in the GTPase Rab7 (2) . The switch from Rab5 to Rab7 occurs via formation of hybrid endosomes that carry both Rab GTPases in separate domains (2) and are known as maturing endosomes (MEs) (3). Some MEs contain intraluminal vesicles (ILVs) that are formed by the endosomal sorting complex required for transport (ESCRT) machinery (4) .
The study of RV entry and vesicular traffic has been challenging and its advancement slow because a robust reverse genetic system to manipulate the genome of the virus is lacking. This limitation has been partially overcome, however, by use of RNA interference (RNAi) technology to explore the function of individual viral and cellular genes involved in this process, as well as by determination of the three-dimensional structures of the RV surface proteins.
ATTACHMENT AND POSTATTACHMENT INTERACTIONS
RV cell entry is a multistep process involving cellular glycans for cell binding and several coreceptors during postattachment steps (5) (Fig. 1, step a) . The VP8 domain of VP4 mediates the initial interaction of the virus with the cell surface, whereas VP5 and likely the surface glycoprotein VP7 interact with downstream coreceptors (5). Several glycans have been identified as receptors for rotavirus; RV strains were classified initially as neuraminidase (NA) sensitive or NA resistant, depending on their susceptibility to the treatment of cells with NA. Some animal RV strains require sialic acid (SA) for attachment, whereas other animal RV and most human RV strains are NA resistant (5). More recently, RV strains whose infectivity was initially thought to be independent of SA were shown to bind to internal SAs, which are not trimmed by the activity of NAs. In addition, it was recently found that many human RV strains bind human histo-blood group antigen. Some of them have been shown to have an H-type binding specificity, while others bind A-type glycans (6) .
After initial binding to the cells, RVs have been proposed to interact with integrins ␣2␤1, ␣V␤3, and ␣X␤2 and with the heat shock cognate protein hsc70, although the order of interaction and whether these interactions are sequential or alternative are not known. In the particular case of the simian RV strain RRV, it was shown that some of these interactions occur sequentially (5) . Not all RV strains require integrins, while all the strains tested require hsc70 for efficient cell infection (7) . Ganglioside GM1, integrin subunits ␣2 and ␤3, and hsc70 are localized in detergentresistant membrane domains in MA104 (epithelial monkey kidney) cells, and the integrity of these domains is fundamental for RRV cell entry (5) . In addition, it has recently been found that the tight-junction proteins JAM-A, occludin, and ZO-1 are important for cell entry of some RV strains (21) . Furthermore, gangliosides were also reported to play a role during virus entry at a postattachment step (8) . Whether all the described molecules work in concert or represent alternative routes of entry remains to be determined. It is noteworthy that blocking the interaction of RV with each of the proposed receptors and coreceptors, through the use of either proteases, antibodies, peptides, sugar analogues, competing proteins, or small interfering RNAs (siRNAs), decreases less than 1 log the infectivity of the virus. These findings are puzzling and suggest that either a more relevant entry factor has not been found for RV, the virus has the plasticity to use more than one route of entry, or the entry factors for RV are redundant.
ENDOCYTOSIS
RVs were originally proposed to enter cells via direct penetration at the plasma membrane; however, recent findings have shown that the virus enters cells by endocytosis, and different RV strains use different endocytic pathways (7) (Fig. 1, step b) . Most RVs tested, including human (Wa, DS-1, WI69) and animal (UK, YM, SA11-4S, nar3) strains, enter cells by clathrin-mediated endocytosis (7, 9) . In contrast, the simian RRV strain follows an endocytic pathway that is independent of clathrin and caveolin but depends on the presence of dynamin 2, the small GTPases RhoA and Cdc42, actinin-4, and cholesterol on the cell surface (10, 11) . The requirement for cholesterol and dynamin is also shared by those RVs that are internalized into MA104 cells by clathrin-dependent endocytosis (7), although contradictory results were recently re- ported in Madin-Darby canine kidney cells (12) . Interestingly, the glycan used by RVs to attach to the cell surface does not determine the endocytic pathway employed, since both NA-resistant and -sensitive strains, as well as RVs that interact with blood group antigens, can enter through clathrin-mediated endocytosis (9) . Furthermore, recent findings showed that the spike protein VP4 defines the endocytic pathway used (13) . In this regard, it is remarkable that a single amino acid substitution (K187R) in VP8 changes the route of entry of RRV from one that is clathrin independent to one that is clathrin dependent (13) . The RRV variant bearing this mutation, named nar3, also changes from an NAsensitive phenotype to an NA-resistant one, and it attaches to the cell surface through an interaction between VP5 and integrin ␣2␤1 (14) .
INTRACELLULAR VESICULAR TRAFFIC
Regardless of the nature of the cell surface receptor and the endocytic pathway used for cell internalization (7, 9, 11, 13, 15) , all RV strains seem to converge in EEs during cell entry (Fig. 1, step c) , since their infectivity depends on the activities of Rab5 and EEA1 (11, 13, 15) . Also, all RVs tested seem to require a functional ESCRT system in MA104 as well as in colon carcinoma human Caco-2 cells, since silencing the expression of components of each of the four ESCRT complexes reduces virus infectivity (11) (Fig. 1,  step d) . ILVs play an important role during virus entry, since viral infectivity is inhibited by siRNAs against VPS4A, the ESCRT-associated ATPase involved in fission of ILVs, as well as by incubation of cells with an antibody that blocks the phospholipid lysobisphosphatidic acid (LBPA), a specific cellular component found in the membranes of ILVs and crucial for ILV formation. An important question that remains to be answered is how the ESCRT machinery is involved in RV cell entry and why the formation of ILVs is required (11) . We suggest two possible scenarios. In the first, ILVs may be the site where an RV coreceptor becomes enriched and clustered, and this clustering may be required to prime a conformational change of VP4 to induce disruption of the EE membrane. In the second scenario, the requirement for the ESCRT machinery and the formation of ILVs may result from the need to either attenuate or activate a signaling cascade. Many cellular signaling events are governed by internalization of ligand-activated receptors by endocytosis. However, receptors can still signal in early signaling endosomes. In this case, signal transduction ends when the receptor complex is sequestered by ILVs into endosomes. In contrast, in the case of canonical WNT signal transduction, it has been reported that sequestration of an enzyme from the cytosol inside ILVs activates the signaling pathway (see references in reference 11). Thus, an exciting possibility is that ILV formation is needed for RV entry to regulate a signaling event required for efficient virus replication. In contrast with these observations, a recent report suggested that in BSC-1 cells, RRV enters the cytoplasmic space from endocytic vesicles without reaching EEs (16) .
After reaching MEs, RV strains follow different routes to enter the cytoplasm. RV strains RRV and SA11-4S presumably exit from MEs (Fig. 1f) , as judged by the fact that their infectivity does not depend on Rab7 (11, 13) . On the other hand, the infectivity of all other RV strains tested, including nar3, depends on the expression of this GTPase, suggesting that these viruses continue a deeper journey into the cell to reach LEs (13) . This endosomal compartment likely provides the optimal environment for Rab7-dependent strains to enter the cytosol. In this regard, Rab7-dependent RVs behave as late-penetration (L-P) viruses, while simian RV strains RRV and SA11-4S can be considered early-penetration (E-P) viruses (17) . Remarkably, as noted above for the role of VP4 in defining the endocytic route, the differential trafficking of the RVs RRV (E-P), UK, and nar3 (L-P) is also determined by the spike protein VP4, and the single amino acid difference in the VP4 protein of nar3 from that of RRV dictates not only the pathway of endocytosis used but also its behavior as an L-P virus (13) .
REQUIREMENT FOR CATHEPSINS
Newly synthesized lysosomal acid hydrolases are delivered from the trans-Golgi network to endosomes by mannose-6-phosphate receptors (M6PRs), and recycling of M6PRs back to the Golgi network depends on the small GTPase Rab9 (18) (Fig. 1, step h) . Among the hydrolases transported to endosomes/lysosomes from the trans-Golgi network are cysteine cathepsins. RV strains that reach LEs depend on a functional Rab9a GTPase to infect the cell, and all of them, with the exception of nar3, also require the activity of the cation-dependent M6PR (CD-M6PR). In turn, these viruses also require the activity of cysteine cathepsins B, L, and S (13). Endolysosomal cysteine cathepsins are also required for processing the capsid or the surface proteins of other viruses, such as reovirus, Ebola virus, severe acute respiratory syndrome (SARS) coronavirus, and Nipah virus, and these cleavages are necessary for these viruses to be infectious (see references in reference 13). Based on the observation of the role of cathepsin proteases in other virus systems, it is tempting to speculate that these endosomal proteases process one or both RV surface proteins to facilitate the exit of transcriptionally active double-layered particles into the cytoplasm.
EXIT FROM THE ENDOSOMAL COMPARTMENT
During their vesicular trafficking, viruses are exposed to modifications in the endosomal environment, such as a drop in luminal pH, a decrease in calcium concentration, the exchange of membrane components, the formation of additional ILVs, and the acquisition of lysosomal components, among other factors that might induce conformational changes in the viral particle to promote the delivery of the viral genome or nucleocapsid into the cytoplasm (19) . Little is known about the mechanism through which RVs exit the endosomal compartments, but several of the mentioned factors might be involved in this process.
It has been reported that preventing endosomal acidification with NH 4 Cl and other weak bases does not block the infection of RRV, but it reduces the infectivity of RVs UK, Wa, and TFR-41 (7). These findings support the idea that, in contrast to RRV, L-P RVs may require the low pH of LEs to enter the cell. Based on structural cryo-electron microscopy and crystallography data of the VP5 domain of VP4, it has been proposed that to exit the endosomal compartment, the spike protein VP4 undergoes an initial conformational change, triggered by an unknown factor. Calcium decrease in turn promotes the release of the smooth VP7 surface layer in the endosome, which is believed to cause a more drastic rearrangement of VP5 to a fold-back conformation that leads to the interaction of a hydrophobic domain of this VP4 subunit with the endosomal membrane to disrupt it, a process that is followed by escape of the double-layered virus particles into the cytosol to begin transcribing the virus genome (20) (Fig. 1, step f and steps i to j). Thus, it is likely that the vesicular compartments from which different RV strains escape to the cytoplasm provide the specific luminal conditions required for the conformational changes of VP4 to occur. All together, these observations suggest that RV exit from the endosomal compartment depends most likely on a combination of factors, such as the interplay between pH and calcium concentration, as well as on cysteine proteases and possibly other uncharacterized cellular factors.
Despite the recent advances in the knowledge of the entry process of RVs during cell infection, many questions still remain to be answered. Importantly, most studies on RV biology have been carried out in nonpolarized MA104 cells, since these are the most permissive cells for RV replication, but it remains to be determined if all the events observed in cultured cells occur in intestinal enterocytes during a natural infection. Further structural studies of the surface proteins of the virus and their interaction with cellular receptors/coreceptors, virus tracking by live-cell imaging systems coupled with novel superresolution microscopy techniques at a nanoscale dimension, and single-cell studies will be important tools to advance this field. The continuous use of RNAi, the recently described clustered regularly interspaced short palindromic repeat (CRISPR)/CAS9 technology to knock out cellular genes, and eventually the development of a robust reverse genetic system will also be important. Whatever the answers might be, the available data show that RVs are versatile, highly evolved viruses that take advantage of different cellular processes to their benefit.
